Three 1-tube Reverse Transcriptase Polymerase Chain Reactions (RT-PCR) directed against the genes encoding the nucleoprotein (NP) and the H5 and H7 hemagglutinin (HA) gene, respectively, were used for detection of avian influenza virus (AIV) in various specimens. A total of 1,040 samples originating from chickens experimentally infected with 2 different low pathogenic avian influenza viruses, from domestic ducks and from wild aquatic birds were examined. The outcome of 1) the universal AIV RT-PCR including a PCRenzyme-linked immunosorbent assay (ELISA) procedure directed against NP (NP RT-PCR-ELISA) and 2) the subtype specific RT-PCR for H5 and H7 were compared to the results obtained by inoculation of the same specimens into the allantoic cavity of embryonated specific pathogen free (SPF) hen's eggs. Using inoculation in SPF fowl eggs as standard the sensitivity of the NP RT-PCR-ELISA and the RT-PCR for H5 or H7 was 91% and 94%, and the corresponding specificity 98% and 96%. In comparison with inoculation into eggs an additional of 9 samples were positive by NP RT-PCR-ELISA and 13 samples were positive by RT-PCR for one of the HA subtypes. Hence, the 3 RT-PCR procedures described are fast, sensitive and specific for detecting AIV and subtyping H5 and H7 and they are obvious alternatives when testing large numbers of samples.
Influenza viruses are members of the Orthomyxoviridae family and are characterized by a segmented genome of single-stranded negative-sense ribonucleic acid (RNA) located within an enveloped virus particle. 8 Influenza viruses are grouped into A, B, or C types, of which the A type is divided into subtypes based on the antigenic properties of the surface glycoproteins hemagglutinin (HA) and neuramidase (NA). To date, 15 HA (H1-H15) and 9 NA (N1-N9) subtypes of influenza A have been identified, 10, 11, 13, 15 and all of them have been found in wild aquatic birds, which serve as a reservoir of influenza A viruses. 16, 17 The pathogenicity of avian influenza virus (AIV) varies considerably depending on the virus strain and the host species. 12, 13 Avian influenza viruses are divided into highly pathogenic avian influenza (HPAI) virus or low-pathogenic avian influenza (LPAI) virus based on either experimental inoculation into chickens or by nucleotide sequencing and deduced amino acid sequence encoding the cleavage site of the HA gene. 2 Having basic amino acids almost homologous to those characteristic for HPAI viruses, some LPAI viruses posses the potential to become highly pathogenic by only 1 single mutation at the gene sequence encoding the HA cleavage site. 1, 7 In poultry, highly pathogenic isolates identified until now have invariably contained multiple basic amino acids at the HA cleavage site and have been of the H5 or H7 subtype. 12, 18 However, the From the Danish Veterinary Institute, Hangoevej 2, DK-8200 Aarhus N, Denmark. 1 Corresponding author. majority of H5 and H7 AIV strains are of low pathogenicity to chickens. 18 Traditionally, the detection of AIV has included virus isolation by inoculation into embryonated specific pathogen-free (SPF) eggs or by infection of susceptible cell cultures. Either method requires the presence of infectious virus particles in the samples, and both are time-consuming. In this study, 3 different 1-tube reverse transcription-polymerase chain reaction (RT-PCR) assays for rapid detection and identification of gene segments encoding the nucleoprotein (NP) and HA proteins specific for H5 and H7 subtypes of AIV 9 were applied and evaluated on samples originating from chickens experimentally infected with 2 strains of LPAI virus, clinical samples from commercial domestic ducks, and tracheal and cloacal swabs from wild aquatic birds.
Because the H5 and H7 subtyping RT-PCR covers the cleavage site of HA, subsequent sequencing of the amplified fragment facilitates rapid determination of the viral pathogenicity.
Materials and methods

Experimental infections of chickens with LPAI virus.
Sixty white leghorn SPF chickens a were kept in isolators supplied with sterile filtered air under positive pressure. At the age of 6 wk, experimental infections were performed in the chickens with 2 subtypes of LPAI virus (A/Ostrich/Denmark/72420/96 H5N2 [egg lethal dose, ELD 50 ϭ 10 6.45 /ml] 6 and A/African Starling/England/983/79 H7N1 [ELD 50 ϭ 10 7.25 /ml], supplied by the Central Veterinary Laboratory, Wey- bridge, UK). The viruses were propagated by inoculation into the allantoic cavity of 8-10-day-old SPF chicken embryos. a Each subtype was inoculated into 20 chickens by intranasal instillation of 0.2 ml of allantoic fluid. Ten control chickens for each AIV strain were inoculated with 0.2 ml sterile allantoic fluid. Swabs were taken from all chickens and pooled in batches of 2 into 8 ml of Hanks buffered saline solution (HBSS) containing 2,000 units/ml penicillin, 2 mg/ml streptomycin, and 5% (vol/vol) calf serum (tracheal swabs) or normal saline containing 10,000 units/ ml penicillin, 10 mg/ml streptomycin, 10 mg/ml gentamicin, 10 mg/ml nystatin, and 5.5% (vol/vol) calf serum (cloacal swabs) and were stored at Ϫ80 C on days 1-5, 7, 10, 14, 17, and 21 postinoculation (pi). Tracheal and cloacal swabs were collected from chickens infected with the H5N2 virus, whereas only cloacal swabs were taken from those infected with the H7N1 subtype. Swabs collected on 1, 2, 4, 7, 14, and 21 days pi were initially examined by inoculation into SPF eggs, by NP RT-PCR-enzyme-linked immunosorbent assay (ELISA), and by RT-PCR for either H5 or H7. In addition, swabs collected on 3, 5, 10, and 17 days pi were subsequently examined for A/African Starling/ England/983/79 (H7N1) by NP RT-PCR-ELISA and by RT-PCR for H7.
Serological tests of experimentally infected chickens. All chickens were bled, anesthetized by pentobarbital sodium, and euthanized by decapitation on day 28 pi. The sera were tested for the presence of antibodies against AIV by H type-specific hemagglutination inhibition (HI) test using the homologous virus as antigen 2 (Table 1) .
Wild aquatic birds. Tracheal and cloacal swabs were collected during the autumn of 2000 and 2001 from 60 wild birds-mainly mallards, teals, and geese, recently shot by hunters in the western part of Denmark (50Њ55ЈN, 8Њ15ЈE). Cloacal swabs were collected during the autumn of 1999, 2000, and 2001 from 165 feral birds at banding-mainly teals and black ducks. Swabs from individual birds were stored in HBSS or normal saline with antibiotics as described above at Ϫ80 C before examination by inoculation into SPF eggs and by NP RT-PCR-ELISA and RT-PCR for H5 and H7. Domestic ducks. Cloacal swabs were obtained from 480 domestic commercial ducks at slaughter, representing 8 flocks. The swabs were pooled in batches of 5 and stored at Ϫ80 C until tested by inoculation into SPF eggs and by NP RT-PCR-ELISA and RT-PCR for H5 and H7.
Inoculation into embryonated SPF eggs. For each specimen, three 8-10-day-old embryonated SPF hen's eggs were inoculated with 0.2 ml of swab supernatant into the allantoic cavity, 2 and the eggs were candled daily. All eggs with dead or dying embryos were chilled, and allantoic fluid harvested was tested for HA activity. Eggs with surviving embryos were chilled on day 6 and tested for HA activity. When negative, 2 serial blind passages were made.
Reverse transcription-polymerase chain reaction and RT PCR-ELISA from swabs. Ribonucleic acid extraction from swab supernatant was performed using the RNeasy Kit b according to the instructions of the manufacturer. Reverse transcription-polymerase chain reaction was performed as previously described 10 for NP, H5, and H7. In brief, 5 l of extracted RNA was mixed with 0.4 mM of each deoxyadenosine triphosphate, deoxyguanosine triphosphate, deoxycytidine triphosphate, and deoxythymidine triphosphate, 20 pmol of primers (5Ј-biotinylated NP primers with sequences as follows: sense B-C 6 -CA-TCC-CAG-TGC-TGG-GAA-RGA-YCC-TAA-GAA, where R ϭ A/G and Y ϭ C/T; and antisense B-C 6 -AG-AGC-TCT-TGT-TCT-CTG-ATA-GGT-G; H5 primers with sequences: sense TAT-GCC-TAT-AAA-ATT-GTC-AAG and antisense ATA-CCA-TCC-ATC-TAC-CAT-TCC; H7 primers with sequences: sense GGG-GCW-TTC-ATA-GCT-CCW-GAC, where W ϭ A/T; and antisense GTT-CCY-TCY-CCY-TGT-GCA-TTT-TGA-TG, where Y ϭ C/T), 5 mM dithiothreitol, 1ϫ RT buffer, and Titan enzyme mix c to a final volume of 50 l. Reverse transcription was performed at 50 C for 30 min, followed by denaturation at 94 C for 2 min and subsequently 35 cycles of heat denaturation at 94 C for 30 sec, primer annealing at 58 C (NP), 52 C (H5), or 55 C (H7) for 30 sec, and primer extension at 68 C for 1 min. The gene fragments generated were detected by agarose gel electrophoresis. For NP, an additional ELISA of the PCR fragment was performed to improve the sensitivity and to verify the influenza A virus identity by hybridization to a specific internal probe (phosphate-TG-GCG-CCA-AGC-GAA-CAA-TGG-AGA-AGA). After hybridization to the probe, the denatured PCR product was detected spectrophotometrically because the NP PCR primers were labeled with biotin and hence interacted irreversibly with a streptavidinconjugated enzyme. 10 To avoid cross contamination, few samples were handled at a time; a negative water control was in- cluded for every 5 specimens; RNA extraction and pre-and post-RT-PCR handling were physically separated; and ultraviolet radiation and cleaning with 0.05% sodium hypochloride were performed to avoid work space contamination. Sequence analysis. Sequencing of PCR products was performed in both the sense and antisense direction using the respective sense and antisense primers. Samples were analyzed using an automated sequencer ABI 377. d Sequence data were aligned with known NP influenza A sequences to assess homology.
RESULTS
Chickens experimentally infected with A/Ostrich/ Denmark-Q/72420/96 (H5N2). Influenza virus was reisolated by inoculation into embryonated SPF eggs from only 2 tracheal swab pools collected on days 1 and 4 pi, respectively. These 2 positive tracheal swab pools generated positive NP RT-PCR-ELISA results. Four additional specimens were identified as NP positive on day 1 (1 cloacal), day 2 (2 tracheal), and day 21 (1 tracheal) pi by the NP RT-PCR-ELISA. The RT-PCR designed to be subtype specific for H5 detected 6 positive tracheal pools and 4 positive cloacal pools from 1 to 21 days pi. These results are shown in Table  2 . All controls were negative by both egg inoculation and RT-PCR.
Antibody response detected by HI tests was present in 10 of 20 experimentally infected chickens. Hemagglutination inhibition titers ranged between 1 and 5 (log 2) ( Table 1 ). In 8 of 10 pairs of chickens tested for the presence of virus, 1 or both serum samples taken at the end of the experiments were serologically positive for H5N2 virus.
Virus isolation by inoculation into SPF eggs was not possible from any of the cloacal swabs ( Table 2) .
Chickens experimentally infected with A/African Starling/England/ 983 (H7N1). In this trial, only cloacal swabs were examined. Virus was isolated from pools of cloacal swabs collected on days 3, 4, 5, and 7 pi by inoculation into embryonated SPF eggs ( Table  2 ). Virus was detected by NP RT-PCR-ELISA in swabs collected 3-5, 7, 10, and 14 days pi. A total of 15 pools were positive by inoculation into eggs, whereas 17 were positive by NP RT-PCR-ELISA. Two of the 15 pools positive by egg inoculation were negative when tested by NP RT-PCR-ELISA (Tables  2, 3) , whereas 4 pools positive by NP RT-PCR-ELISA were negative in eggs.
The H7 subtype-specific RT-PCR detected virus in 20 pools, 2 of which were positive by egg inoculations and negative by NP RT-PCR-ELISA. All controls were negative by inoculation into embryonated SPF eggs and by RT-PCR.
Seroconversion was present in all 20 chickens, with HI titers ranging between 4 and 8 (log 2) ( Table 1) .
Wild aquatic birds. Three AIV isolates were obtained by inoculation of cloacal swabs, from 60 wild birds shot by hunters, into SPF eggs. Two isolates originated from mallards and 1 from a teal.
These 3 specimens were also positive when tested by NP RT-PCR-ELISA, whereas none of them were amplified when tested by RT-PCR for H5 or H7 (Table  3 ). Three additional cloacal samples originating from teal shot by hunters were positive using NP RT-PCR-ELISA but not when inoculated into eggs. The hybridization reaction in the ELISA between amplified RT-PCR product and the probe matching internal regions of the NP RNA ensured AIV origin of these specimens. Moreover, the NP origin was confirmed by sequencing 2 of the 3 RT-PCR products.
Domestic ducks. Three AIV isolates were obtained from domestic ducks by inoculation into SPF eggs, and they were also positive when tested by NP RT-PCR-ELISA (Table 3 ). All 3 isolates originated from the same flock, and no additional isolations in eggs or detection by RT-PCR of AIV were observed.
Summary of results and evaluation of detection methods of AIV in clinical specimens. In summary, a total of 1,040 specimens originating from experimental infections of chickens with H5 or H7 AIV, from wild aquatic birds, and from domestic commercial ducks were tested by NP RT-PCR-ELISA and inoculation into SPF eggs (Table 3) . Twenty-three samples were positive when inoculated into SPF eggs, and 32 were positive when tested by NP RT-PCR-ELISA. Thus, 9 additional samples were positive by NP RT-PCR-ELISA compared with inoculation into eggs. Of the 23 samples positive by cultivation in eggs, 2 were negative when tested by NP RT-PCR-ELISA. Hence, the sensitivity of the NP RT-PCR-ELISA was 91% (21 of 23) using inoculation into eggs as the standard. The AIV origin of the 2 samples being positive by cultivation in eggs but negative by NP RT-PCR-ELISA was verified by HI test and by H7 RT-PCR. The specificity of the NP RT-PCR-ELISA was 99% (1,006/11 ϩ 1,006) ( Table 4 ) using inoculation into eggs as the standard.
The 2 RT-PCR methods specific for H5 and H7 subtypes were applied to a total of 1,040 samples. Thirty samples were positive by either H5 or H7 RT-PCR, whereas 23 were positive by cultivation in eggs (Table  5 ). Of these 23 samples, 17 originated from the experimental infections with LPAI H5N2 and H7N1, whereas 6 originated from wild or domestic birds. Their HA subtypes were demonstrated not to be H5 or H7 by HI test. One sample from the experimental infections with LPAI H5N2 was positive by cultivation in eggs, and it was not detected by either of the subtype-specific RT-PCR. In addition, 13 samples were positive only by RT-PCR for one of the HA subtypes and not when inoculated into eggs, resulting in 76% (13 of 17) more samples being positive by H5/H7 RT-PCR than by cultivation in eggs.
Discussion
In this study, the previously described RT-PCRbased detection of AIV 10 has been evaluated against the traditional virus isolation by inoculation into embryonated SPF eggs. The sensitivity was 91% for NP RT-PCR-ELISA and 94% for H5/H7 RT-PCR, which was comparable with other studies 3, 5, 18 that observed sensitivities between 87% and 95% when detecting human influenza A by RT-PCR and by culturing. However, the additional samples positive by NP RT-PCR-ELISA (11 specimens) and RT-PCR for H5/H7 (14 specimens) and negative by inoculation into eggs probably reflect the need of infectious virus particles and virus adaptation in the culturing system. By inoculation into eggs, 2 of 1,040 samples yielded virus, which were not detected by NP RT-PCR-ELISA in the initial specimens. The inoculation volume was 200 l of swab eluate supernatant, whereas 400 l was used for RNA extraction. However, only 10% of the total RNA extract volume was used in the 1-tube RT-PCR amplification of NP, suggesting that low contents of AIV in the swab eluate may be limiting for the RT-PCR amplification of NP. Increasing the number of PCR cycles and the volume of clinical material analyzed could possibly circumvent this limitation of the NP RT-PCR-ELISA described. The 2 specimens that are NP RT-PCR-ELISA negative but positive by cultivation originated from experimental infections of chickens with H7N1 LPAI virus and both generated H7-positive RT-PCR analyses. The specificity of the primers has previously been demonstrated by testing of 24 reference strains of AIV representing 14 HA and 9 NA subtypes. 10 In the same study, also human, swine, and equine influenza A strains were detected by the NP RT-PCR-ELISA, whereas other avian viruses (with ϪRNA genomes) were not amplified by either NP or H5/H7 primer. The specificity of performance on clinical specimens was 99% for NP and 96% for H5/H7 RT-PCR. As result of the large number of samples tested, few specimens positive by RT-PCR but not by cultivation will not reduce the specificity of the test because the method is more sensitive than the ''gold standard.'' 14 The specimens that are positive only by RT-PCR and not by inoculation into eggs are believed to be true detection of AIV and not caused by contamination during the RT-PCR procedures or nonspecific primer annealing. More than 200 water controls were included in the RNA extraction and RT-PCR, with negative results. Nonspecific primer annealing and subsequent amplification appeared improbable because of the specific hybridization to the internal NP catching probe in PCR-ELISA and because of the fact that all H5/H7 amplicons had the expected size. It has previously been suggested that a combination of low virus titers in the original specimens and limited susceptibility of the target cells to certain influenza A strains may account for the failure of cultivation in eggs despite simultaneous detection by RT-PCR. 4 From chickens experimentally infected with A/Ostrich/Denmark/72420/ 96 (H5N2) only low rates of reisolation of virus and low serological responses were observed. These observations correlate well with the results of another study, in which the same virus strain was inoculated intranasally into chickens and ostriches. 9 Infection with this LPAI H5N2 virus strain may be only transitory as indicated by the low serological HI titers.
However, methods such as RT-PCR for H5 and H7 and NP RT-PCR-ELISA, where only the presence of the virus genome is a criterion, result in an increased number of LPAI virus-positive samples compared with egg culturing. The results indicate that the RT-PCR-based detection of AIV used in the present study offers a reliable and fast alternative to traditional cul-turing of virus. The evaluated NP RT-PCR-ELISA and RT-PCR for H5/H7 were very sensitive and highly specific for the demonstration of AIV in clinical specimens.
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